We consider quantum interference effects in carrier and photocurrent excitation in graphene using coherent electromagnetic field components at frequencies ω and 2ω. The response of the material at the fundamental frequency ω is presented, and it is shown that one-photon absorption at ω interferes with stimulated electronic Raman scattering (combined 2ω absorption and ω emission) to result in a net contribution to the current injection. This interference occurs with a net energy absorption ofhω and exists in addition to the previously studied interference occurring with a net energy absorption of 2hω under the same irradiation conditions. Due to the absence of a bandgap and the possibility to block photon absorption by tuning the Fermi level, graphene is the perfect material to study this contribution. We calculate the polarization dependence of this all-optical effect for intrinsic graphene and show that the combined response of the material at both ω and 2ω leads to an anisotropic photocurrent injection, whereas the magnitude of the injection current in doped graphene, when transitions at ω are Pauli blocked, is isotropic. By considering the contribution to coherent current control from stimulated electronic Raman scattering, we find that graphene offers tunable, polarization sensitive applications. Coherent control due to the interference of stimulated electronic Raman scattering and linear absorption is relevant not only for graphene but also for narrow-gap semiconductors, topological insulators, and metals.
I. INTRODUCTION
Coherent control (CC) involves the interference between multiple excitation pathways to acquire a handle on the final state of a quantum-mechanical process. 1 Applied to semiconductor optics, the typical CC experiment uses light at a fundamental frequency ω and its second harmonic 2ω. Interference between the transition amplitudes for two-photon absorption (2PA) at ω and one-photon absorption (1PA) at 2ω results in an unbalanced distribution of carriers in momentum space, providing a net photocurrent. [2] [3] [4] [5] The two-color electromagnetic field provides the energy necessary to create electronhole pairs in the sample, and the injected charge carriers acquire their velocities according to the band dispersion. 6 In the typical operation regime for conventional semiconductors such as GaAs,hω would lie within the bandgap; the light frequencies in such experiments are regularly selected according tohω < E g < 2hω, where E g is the bandgap energy, so that 1PA at ω is energetically forbidden, and the lowest energetically-allowed perturbative order for absorption of the fundamental is the second order. However, forhω > E g , the fundamental is absorbed at first order, and how this affects the CC is especially important to understand for narrow-gap semiconductors. Gapless materials such as graphene further present the possibility of studying CC in interesting ways by substituting the bandgap E g with 2 |µ|, where µ is the chemical potential. The range of applicability of previous theories can thus be handily tested by varying the doping level or an applied gate voltage, and scenarios lying outside the typical operation regime are readily accessible. In particular, for hω > 2 |µ|, linear absorption of the fundamental beam occurs, which has not been carefully considered in early studies of coherent optical injection and control in carbon nanotubes, [7] [8] [9] graphene, [10] [11] [12] [13] and other semiconducting materials. [1] [2] [3] [4] [5] [6] In the presence of coherent ω and 2ω fields, linear absorption at ω is not the only process with a net energy absorption ofhω; at the next perturbative order the combined absorption of a 2ω photon and the emission of a ω photon must also be considered. This nondegenerate two-photon transition process is an instance of stimulated electronic Raman scattering (ERS), [14] [15] [16] where light is scattered inelastically and energy is deposited into the electronic state of the system, and was recently studied in the nonlinear optical response of graphene 17 and topological insulators. 18 Since ERS at ω has the same initial and final state as 1PA at ω, quantum interference occurs between these two transition pathways. Moreover, since the typical CC term between 1PA and 2PA occurs at 2ω rather than ω, there are in effect two distinct interference channels.
In this paper, we consider the carrier response to a twocolor field due to the ERS transition amplitude, first generally by presenting a microscopic expression derived from Fermi's golden rule, then specifically for the case of graphene. For linearly-polarized light, it is shown that current injection in graphene becomes anisotropic with respect to the angle between the linear polarization axes of the light when the new contribution is considered, and that this polarization sensitivity can be tuned by adjusting the chemical potential of the sample. The current injection resulting from the quantum interference between 1PA and ERS is five times stronger with perpendicular polarization axes compared to parallel polarization axes of the light. In contrast, the typical interference term between 1PA and 2PA in graphene results in a current magnitude independent of the polarization of the light. 11 The polarization sensitivity is adjustable, via the chemical potential, between a completely isotropic current, to a strongly anisotropic current response where the two contributions to current injection are balanced to exactly cancel each other under perpendicular orientation of the polarization axes.
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We derive the microscopic form of the response tensors for carrier and photocurrent injection via quantum interference of 1PA and ERS in Sec. II. We consider the case of graphene, explicitly calculate the response tensors, and present a complete picture of two-color coherent current control via quantum interference of one-and two-photon processes in this material in Sec. III. Finally, we conclude in Sec. IV.
II. TWO-COLOR INTERFERENCE AThω
In the presence of a two-color optical field with frequency components ω and 2ω, the conventional injection current as originally described by Atanasov et al. 3 stems from the crossterm of the following transition amplitudes connecting the same initial and final states: Ω (1) cv (2ω; k), resulting from light at 2ω to first order in perturbation, and Ω (2) cv (ω; k), resulting from light at ω to second order in perturbation. Here
is the degenerate -photon transition amplitude between valence band v and conduction band c at wavevector k. 19 The one-and two-photon absorption processes are illustrated by their Feynman diagrams in Fig. 1(a) .
The injection term for the current density that results from the coherent interference between the 1PA and 2PA transition amplitudes has the forṁ
where η I (ω) is a fourth-rank tensor describing the current response of the material, E(ω) [E(2ω)] is the electric field component at frequency ω [2ω], and repeated Roman superscripts are summed over Cartesian directions. The tensor is given explicitly for a two-dimensional material by:
where e = − |e| is the electron charge,
are the band energies. 3, 11 There is however another contribution to the current of the form of Eq. (1) that vanishes in a semiconductor when typical frequencies are chosen to lie within the bandgap. This additional term stems from interference between Ω (1) cv (ω; k) describing one-photon absorption at ω and Ω (2) cv (2ω, −ω; k) describing the nondegenerate two-photon process of absorption at 2ω and emission at ω. These processes are illustrated by three Feynman diagrams in Fig. 1(b) . The first diagram shows the one-photon absorption process; a ω photon is absorbed and an electron-hole pair is created with energyhω. This process has a k-dependent transition amplitude 19 given by
and leads to the well-known linear absorption of ω light. The second and third diagrams of Fig. 1(b) show the nondegenerate two-photon process; a 2ω photon is absorbed, a virtual electron-hole pair is created with energy 2hω, and a ω photon is emitted by either the electron (second diagram) or the hole (third diagram), reducing the energy of the electronhole pair tohω. This is an instance of a stimulated electronic Stokes-Raman process [14] [15] [16] known to induce a two-color optical Kerr effect. [20] [21] [22] [23] We calculate the k-dependent transition amplitude in the single-particle approximation at the level of Fermi's golden rule, and find
where
.
(6) The first term within the summation in Eq. (6) corresponds to the second diagram of Fig. 1(b) , the latter term corresponds to the third diagram.
The injection rate for the expectation value of any operator Θ is then calculated up to second perturbative order froṁ
is the vector potential, to obtaiṅ
The two summands within brackets describe electron-hole pairs of energyhω and 2hω, respectively. The latter yields the typical CC term described by Eq. (2) that has been the subject of previous studies; we thus focus on the former. Taking the occupation number operator as Θ yields the injection rate for electron-hole pair creation athω,
The first term is one-photon carrier injection due to 1PA, the third term is nondegenerate, two-photon carrier injection (at ω) due to ERS, and the second term is their interference. The quantities ξ 1 , ξ I and ξ 2 are second-, third-and fourth-rank tensors describing the material part of the response. The 1PA carrier injection tensor is described elsewhere. 3 The response tensor describing the interference is given by
and the ERS carrier injection tensor is given by
The interference term is analogous to coherent population control of electron-hole pairs with net energy absorption of 2hω in the conventional CC regime and is nonzero for noncentrosymmetric materials. 24 Finally, taking the current operator as Θ, the response tensor describing the current injection resulting from interference between ERS and 1PA at ω is found to be
For a three-dimensional material, the integration over reciprocal space in Eqs. (2), (7), (9), (10) and (11) should read Figure 2 . The conventional excitation scheme (right) employs interference between two-photon absorption at ω (red arrows) and onephoton absorption at 2ω (blue arrows). The additional contribution athω (left) occurs when one-photon absorption at ω interferes with stimulated electronic Raman scattering (ERS, 2ω absorption and ω emission). Depending on the chemical potential µ, the ERS contribution is allowed (2 |µ| < ω) or blocked (2 |µ| > ω, not shown).
III. ANISOTROPIC PHOTOINDUCED CURRENT INJECTION IN GRAPHENE
We consider graphene to illustrate the two-color interference effect athω in experimentally accessible conditions. The part of reciprocal space relevant for optical response are the two valleys near K and K' at the vertices of the hexagonal Brillouin zone, where the electrons follow a Dirac-like spectrum [ Fig. 2] . The gapless band dispersion has the advantage that a bandgap energy is not a limiting factor for the occurrence of absorption athω. Instead, the chemical potential µ plays the role of the limiting factor. Photocurrent generation via CC includes the contribution from both interference channels presented in the previous section and illustrated in Fig. 2 for graphene. Experimentally, electrically tuning the chemical potential allows one to enter and exit the regime where absorption athω occurs. It is thus possible to identify the ERS contribution.
The diagonalized model Hamiltonian and corresponding velocity operator near the K point of graphene take the form 11
where v F is the Fermi velocity, k = kk is the in-plane crystal momentum relative to the Dirac point, andφ =ẑ ×k is an inplane unit vector perpendicular to k. The treatment for the K' valley is analogous and its presentation neglected for the remainder of the paper as it simply introduces a degeneracy factor of two, in addition to the spin degeneracy factor of two. The generation of a photocurrent via CC is best illustrated by the unbalanced carrier distributions in reciprocal space due to the interference effect being constructive or destructive
(e) (f) Figure 3 . Reciprocal space distribution of injected carriers in intrinsic graphene under two-color, ω and 2ω field. Absorption processes up to second order in the field are considered, with net energy absorption ofhω (red, inner distribution) and 2hω (blue, outer distribution), respectively due to ERS-1PA interference and 1PA-2PA interference. The carrier injection rates [Eq. (13) and Eq. (14)] are indicated by the thickness of the distributions, the current resulting from each distribution is indicated by a correspondingly colored arrow, and the overall current injection is indicated by a thick, black arrow. Photoresponse for circularly-polarized ω and 2ω beams: (a) opposite polarization, yielding no net current injection, and (b) cocircular polarization, yielding a net current injection. Photoresponse for linearly-polarized ω and 2ω beams: (c) θ = 0, i.e. parallel polarization axes, (d) θ = π/4, (e) θ = π/2, i.e. perpendicular polarization axes, and (f) θ = 3π/4; all yielding current injection.
at different wavevectors. 25, 26 The carrier distributions due to 2PA and 1PA at 2ω have been previously calculated. 11 Here we present the result of the ERS contribution and its interference with 1PA at ω. The ERS has previously been calculated in the context of conventional Raman spectroscopy. 27 The distribution of photoexcited carriers in reciprocal space due to the two-color field,ṅ =ṅ(2ω; k) +ṅ(ω; k), is shown in Fig. 3 , taking both the conventional and ERS contributions to be equally allowed, e.g. for intrinsic graphene. The distribution due to conventional CC iṡ (13) and occurs on the (outer) circle of radius k = ω/v F ; the distribution due to ERS-induced CC iṡ (14) and occurs on the (inner) circle of radius k = ω/2v F .
For circular polarization [ Fig. 3(a,b) ] the distributions depend on the angle φ k = tan −1 (k y /k x ) and the CC parameter ∆ϕ ≡ 2ϕ ω − ϕ 2ω relating the phases of the two frequency components. For opposite-circularly polarized ω and 2ω beams,ê 2ω = −ê ω = σ ± , the distributions for the carrier injection with net energy absorption of 2hω andhω vary aṡ n(2ω; k) ∝ 1 − sin(∆ϕ ∓ 3φ k ) andṅ(ω; k) ∝ 3 4 1 + sin(∆ϕ ± 3φ k ) , respectively, neither of which yield a current. For co-circularly polarized beams,ê 2ω =ê ω = σ ± , the distributions ofṅ(2ω; k) ∝ 1 + sin(∆ϕ ± φ k ) andṅ(ω; k) ∝ For linearly-polarized beams [ Fig. 3(c-f) ], without loss of generality the polarization axisê 2ω is chosen alongx and the k-dependent carrier distributions folloẇ
where θ is the angle between the polarization axesê ω and e 2ω . The first term in each of Eqs. (15) and (16) characterizes the sensitivity of the current injection to the angle θ between polarization axes for linearlypolarized ω and 2ω beams; different values of d and θ lead to injected currents with different magnitude and direction. 11 The additional current injection term presented in this paper yields the following implications for graphene. In the conventional regime [Eq. (2) ], the nonzero current injection tensor components were given by
whereη
with g s = g v = 2 describing spin and valley degeneracy, respectively. 11 As a result of this contribution, a current component is injected with effective parameter d eff = −1 and the magnitude of this current is θ -independent. The ERS contribution, in contrast, is strongly θ -dependent: taken on its own it contributes an effective parameter d eff = −5, meaning that it yields a current whose magnitude is five times stronger when the beam polarization axes are perpendicular (θ = π/2) compared to them being parallel (θ = 0). The nonzero tensor components for this contribution [Eq. (11)] are given by
This contribution doesn't occur if the transition at ω is blocked due to the lower level being depleted or the upper level occupied. For intrinsic graphene the two discussed interference channels are equally allowed, the resulting current injection tensor includes both contributions, its components are given by
and the corresponding parallel-perpendicular polarization disparity parameter is d = 1/3. This value is closer to a typical semiconductor such as GaAs, which has |d| ≈ 0.2 for a fundamental photon energy of about 1 eV (below the onset of 1PA at ω). 28 For intrinsic graphene the parameter d is independent of the light frequency, as it would be were the ERS contribution not included. 11 Let us now consider the effect of a finite temperature and nonzero chemical potential on the current injection. The deviation from the semiconductor vacuum state results in the Pauli blocking of optical transitions, as observed in linear absorption. 29 Since the two contributions to current injection, Eq. (2) and Eq. (11), occur at different excitation energies, it is possible to partly block the lower-energy transition while retaining the higher-energy one. This allows one to tune the polarization sensitivity of the resulting current. For a p-doped sample, if f ω is the population of electrons as a function of the energy levelhω relative to the Dirac point, then the disparity parameter is
This expression is plotted in lower level being depleted, 11 while the ratio of f −ω/2 / f −ω = 1 yields d = 1/3 and corresponds to the situation presented in Fig. 3 . For d > 0, the injected current in the cross-polarized configuration flips direction due to the ERS contribution. A value of d = 0 (thick contour line in Fig. 4 ) corresponds to the complete suppression of the current injection for perpendicular polarization axes; this is achieved by adjusting the population to the ratio of f −ω/2 / f −ω = 0.8. Thus, a range of polarization-sensitive and polarization-insensitive configurations are available.
The variation of the current injection characteristics according to temperature and nonzero chemical potential affects our understanding of previous experiments in multilayer epitaxial graphene, 10, 12, 13 as the contribution from a single layer de- pends on its doping level. The doping level in multilayer epitaxial graphene decreases exponentially from 365 meV for the layer closest to the substrate to zero doping for the top layers, with a charge screening length of one layer. 10 The total current injection across all layers is made up of an isotropic contribution from the few heavily-doped layers near the substrate (d = −1) and an anisotropic contribution from the remaining mostly undoped layers (d = 1/3). In the original experiment the incoming beams were cross-linearly polarized; 10 taking the ERS contribution into account yields counter-propagating currents in the heavily-doped and undoped layers, as illustrated in Fig. 3(e) . A subsequent experiment resolved the angular dependence on the polarization axes and found that it did not correspond to the simple model of a single graphene layer. 12 In both experiments the current injection was detected via the emitted THz radiation with the signal collected behind the sample. Light attenuation is stronger for the THz signal than for the frequencies of the incoming beams. Thus, although there are only a few heavily-doped layers, they could contribute relatively strongly to the detected THz signal due to their proximity with the detector. It is realistic to expect the signal to have a value of d in the range 0.14 to 0.24; the resulting polarization dependence is shown in Fig. 5 , and is in good agreement with the polarization-resolved experimental data. 12 Thus the inclusion of the Raman term identified here could lead to an understanding of the experimental results even without the assumption of interlayer coupling.
IV. CONCLUSIONS
We have presented the complete current response of the gapless semiconductor graphene due to coherent control of light at frequencies ω and 2ω. By considering the additional interference effect between stimulated ERS and 1PA of the fundamental, occurring with a net energy absorption ofhω, we have shown that graphene presents a photoresponse sensitive to the relative orientation of the linear polarization axes of the light. This polarization sensitivity, characterized by a tunable disparity parameter −1 ≤ d ≤ 1/3, is in stark contrast with the polarization-isotropic photocurrent contribution due to 1PA and 2PA interference alone. 11 The value of d = 1/3 for intrinsic graphene is closer to typical values in GaAs, 28 and with a value of d = 0 it is possible to completely suppress the current injection for perpendicular polarization axes. Thus, with its Fermi level adjustable through doping or electrical gating, graphene offers tunable, polarization sensitive applications.
While the additional interference term between stimulated ERS and 1PA is correctly included in a recent treatment of third-order nonlinear optical conductivities of doped graphene, 17 it had not been carefully considered in previous studies of coherent optical injection and control in graphene and carbon nanotubes. [7] [8] [9] [10] [11] [12] [13] However, we have shown that this term modifies the CC photocurrent response significantly, raising the question whether previous experimental results need to be reinterpreted. 9, 10, 12, 13 In experiments with fixed polarization the ERS contribution does not play a crucial role, specifically the conclusions of Newson et al. regarding CC using colinearly-polarized beams in carbon nanotubes, 9 and those of Sun et al. using cross-polarized beams in multilayer epitaxial graphene, 10, 13 are not altered. Considering the ERS contribution and depending on the level of doping, crosspolarized beams could lead to counter-propagating currents in the undoped and heavily-doped layers of epitaxial graphene, an effect that is not resolvable in the employed THz detection technique. Such different response from the undoped and heavily-doped layers offers an alternative explanation for the polarization-resolved data of Sun et al. [12] without involving the interlayer coupling.
Besides gapless semiconductors such as graphene, a careful treatment of the interference between stimulated electronic Raman scattering and linear absorption is important for the complete description of two-color coherent control in metals, topological insulators, and in semiconductors whenhω exceeds the bandgap.
